Abstract-A quasi-millimeter electromagnetic wave with the frequency of 22-30 GHz is applied to detect knots and holes in wood samples. It has better spatial resolution while keeping good transmission properties comparied to microwave region used in the previous experiments. The images of knots and holes in wood are clearly obtained by analyzing the phase and amplitude of the transmitted wave. And the phase measurement results are all better than amplitude results according to phase values changing much more than amplitude.
INTRODUCTION
Several approaches have been explored for knot and defect detection in wood using the microwave range of electromagnetic waves [1] [2] [3] [4] [5] . However, efforts for knot detection by microwaves have not achieved a sufficient level suitable for industrial applications. The quasi-millimeter-wave technique has an electromagnetic frequency range from 22 to 30 GHz, which offers higher spatial resolution than the microwave technique and higher transmission properties than millimeter or terahertz waves which are also used for the nondestructive evaluation of wood [6] [7] [8] [9] [10] [11] . However the millimeter-wave technique can be used to measure the transmitted amplitude of only 2 mm thick wood slices [8, 9] . To the best of our knowledge, few people have used this quasi-millimeter band 22-30 GHz to detect wood. In addition, the frequency and the bandwidth are assigned by the Administration of Radio under the Ministry of Internal Affairs and Communications. Quasi-millimeter wave with this frequency band is one of the candidates that the outdoor use is permitted when its output power is low. The purpose of this study was to obtain good imaging of the knots and holes in wood through quasi-millimeter wave. This paper presents the design and construction of a simple transmission system that permits detection of holes or knots in fir wood boards or white poplar cut logs at a laboratory.
MEASUREMENT SYSTEM AND FORMULA
The electrical field propagation through a loss medium can be calculated according to electromagnetic theory as follows:
For electromagnetic wave propagation in medium, the increase of the electromagnetic wave with z will have energy dissipation. γ = α + jβ is the propagation constant, α the attenuation constant, and β the phase constant of the electromagnetic field. For low moisture content, the expressions for α and β can be simplified from the binomial expansion of Eq. (1): Figure 1 shows the schematic of the quasi millimeter wave measurement system. For transmission measurement, a vector network analyzer (VNA) is utilized. The P1 port of the VNA is connected to an incident cable. The transmitted wave is detected by a P2 port of the VNA. A Ka band horn antenna (1 mW) connected with the VNA is used as a transmitter and placed the distance to the wood sample obverse surface as 6 cm in order to produce a uniform plane wave which can vertically incidence the surface, and also passes through the sample to a waveguide tube used as a receiver which distance to sample reverse surface is 1 cm. A display and a portable computer connected to the VNA will show the S parameters and allow data processing. The amplitude of transmitted wave measured is expressed as 20 log E t , and the phase shift φ expressed as φ = βz. The output is modulated by a chirped wave with a modulation sensitivity of Δω/Δt
The transmitted wave through wood is given by
The displacement of the propagation constant during frequency modulation is calculated as
The displacement of phase is shown as
The real part of the dielectric constant and loss tangent in air dry wood are ε r ∼ 4 and tan δ ∼ 0.1, MC = 12% respectively. Since the modulation frequency is Δω = 30-22 GHz = 8 GHz, the amplitude of transmitted wave becomes E t = 0.95E i when passing through a 2 cm thick wood. E i is the amplitude of incidence wave. If the values changed by a factor of 2 depending on the passage position, the amplitude would only change to E t = 0.90E i . However, the corresponding phase values would change by as much as 50 to 80 degrees. Therefore, the phase measurement can distinguish differences in transmission.
EXPERIMENTAL RESULTS
We used a fir wood (ρ = 0.376 g/cm 3 ) board without knots and holes as the control, as shown in Fig. 2 . In the resulting image, there are no holes and knots, and the amplitude image color contrast is very small. For the wood board with holes or knots, the color contrast will be more obvious. Another sample of 2 cm thick fir wood board with knots is shown in Fig. 3 . The changes of phase and amplitude in the transmitted wave are applied to observe the internal profile of woods. As shown in Fig. 3 , there is a marked change in the color of the area of knot, with a difference between them of about 10 in the phase measurement. In the amplitude measurement, there is also a color contrast; however, the difference is not so clear as the phase measurement.
The third sample is 6 cm thick cut white poplar log (ρ = 0.380 g/cm 3 ) with a drilled side hole 13 mm in diameter, as shown in Fig. 4 . The color contrast distribution is obvious for this sample. The phase values of the hole and core area (suspected knot) in the blue region are approximately −10, the values of the hole and core part edge in the yellow region are approximately −3, and orange is a normal portion of the sample with a phase value of 0. From the phase diagram of the sample, we can see that the left blue area corresponds to the side hole, the big blue area in the middle corresponds to the knot which we cannot find inside the wood with naked eye. In the amplitude diagram, the left side corresponds to the side hole, the right corresponds to the amplitude of the edge of the knot. The difference between the hole or knot and the normal wood is great, because the permittivity of the knot or hole is larger or smaller than the normal wood. The observed change in amplitude is consistent with the phase change. We can find that the phase detection is more sensitive than amplitude one. The fourth sample is also a 6 cm thick cut white poplar log with sharp knots, as shown in Fig. 5 . In the phase diagram, the dark blue area are knots, the light blue area are the edge of the knots. The blue region of −7 values corresponds to the knot, and there is clear contrast with the normal portion of the wood. We can also see some circle areas, because there are some contrast with wooden wheels. In the amplitude diagram, the blue area also shows the loss due to the knots of the sample.
Finally, a 6 cm thick cut white poplar log sample is drilled with three different sized holes which diameters are 20 mm, 10 mm and 6 mm respectively. As shown in Fig. 6 , we can find the amplitude values (−65 dB) is very low in the two small holes and the big hole edge areas (inside area of big hole is −30 dB). It means the waves can hardly pass through the two small holes and edge according to the electromagnetic edge effect and the holes work as a circular waveguides, the cut-off wavelength is λ c = 3.41 radius. Therefore, the low frequency region of incident waves cannot propagate in the small size of holes. In the phase figure, the yellow circle on the right of 2.5 indicates the big hole inside portion, the blue region of −4.0 indicates the two small holes and the big hole edge. The value of the normal wood is about 6. In the amplitude diagram, the two blue circles on the left correspond to the two small holes, and the yellow circle near the middle corresponds to the big one. As shown in all results above, we can find that the phase measurement results are all better than amplitude results. Overall, this transmission system can be used to obtain the image, revealing the presence of knots or holes by the clear color contrast. 
CONCLUSION
In this work, we demonstrate that the proposed method reveals the existence of knots or holes, and can obtain good images. The phase measurement results are all better than amplitude results. In the knotfree-area, the color contrast is slight compared with other areas with knot. Many wood samples contain knots or holes inside that cannot be observed with the naked eye, but use of this quasi-millimeter wave technology allows detection.
